Astronomy & Astrophysics manuscript no. merlin evn 


©ESO 2013 


March 2,2013 





Compact radio emission from z ~ 0.2 X-ray bright AGN 

J. Zuther 1 , S. Fischer 1 , A. Eckart 1 ' 2 



1 I. Physikalisches Institut, Universitat zu Koln, Ziilpicher Str. 77, 50937 Koln, Germany 

2 Max-Planck-Institut fur Radioastronomie, Auf dem Hiigel 69, 53121 Bonn, Germany 

Received / Accepted 



(N 

o 

< 



o 

u 

6 

CO 



> 

(N 

m 
o 

(N 



X 



ABSTRACT 

Context. Radio and X-ray emission of AGN appears to be correlated. The details of the underlying physical processes, however, are 
still not fully understood, i.e., to what extent is the X-ray and radio emission originating from the same relativistic particles or from 
the accretion-disk or corona or both. 

Aims. We study the cm radio emission of an SDSS/ROSAT/FIRST matched sample of 13 X-raying AGN in the redshift range 
0.11 < z < 0.37 at high angular resolution with the goal of searching for jet structures or diffuse, extended emission on sub-kpc 
scales. 

Methods. We use MERLIN at 18 cm for all objects and Western EVN at 18 cm for four objects to study the radio emission on scales 
of ~500 pc and ~40 pc for the MERLIN and EVN observations, respectively. 

Results. The detected emission is dominated by compact nuclear radio structures. We find no kpc collimated jet structures. The EVN 
data indicate for compact nuclei on 40 pc scales, with brightness temperatures typical for accretion-disk scenarios. Comparison with 
FIRST shows that the 18 cm emission is resolved out up to 50% by MERLIN. Star-formation rates based on large aperture SDSS 
spectra are generally too small to produce considerable contamination of the nuclear radio emission. We can, therefore, assume the 
18 cm flux densities to be produced in the nuclei of the AGN. Toge ther with the R OSAT soft X-ray luminosities and black hole mass 
estimates from the literature, our sample objects follow closely the Me rloni et al.l fundamental plane relation, which appears to trace 
the accretion processes. Detailed X-ray spectral modeling from deeper hard X-ray observations and higher angular resolution at radio 
wavelengths are required to further proceed in the disentangling of jet and accretion related processes. 

Key words. Galaxies: Nuclei - Radio continuum: galaxies - Techniques: interferometric 



i 1. Introduction 



X-rays have turned out to be efficient tracers of nuclear activ - 
ity in active galactic nuclei (AGN) dBrandt & Hasingeill2005l) . 
Current models suggest that the observed X-rays are produced 
in the accretion flow onto the central supermassive black hole 
(SMBH), with soft X-rays typically originating from the accre- 



tion disk and hard, comptoniz ed X-rays from a corona surround- 
ing the accretion disk ( e.g., IShieldsl fl 978t lHaardt & Maraschil 
ll99UlPerolaet al.ll2002l) . 

Related to the accretion phenomenon is the observation of 
jets, outflows which consist of charged particles (primarily elec- 
trons) accelerated to relativistic velocities. The electrons give 
rise t o the observed synchr otron spectrum at radio frequencies 
(e.g JBridle & Perlevll 19841) . Some AGN, however, show flat ra- 
dio spectra, which is interpreted a s self-absorbed sy nchrotron 
radiation of multiple jet knots (e.g JCotton et al.l fl980). 

Several studies of radio and X-ray detected AGN have re- 
sulted in an appare nt correlation between the radio and X-ra y 
luminosities (e.g.. ISalvato et all 120041 iBrinkmann et al.l 12000). 
suggesting a common physical ground of both phenomena. 
Together with the associated black-hole mass, these three val- 
ues determine the location of objects in the fundamental plane 
of bla ck hole activity (FP; e.g.. lFalcke et al.ll2004tlMerloni et al.l 
120031) . It is, however, still not clear what the physical relation be- 
tween the three properties is. Several structural components (ac- 
cretion disk, corona, jet, disk wind) and physical processes (syn- 
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chrotron, (inverse) Compton, bremsstrahlung, relativistic beam- 
ing) can cont ribute to the total radio and X -ray output (e.g. , 
Nar avan et alj|1998t iHeiirz & Merlonil l2004t lYuan et al.l 12005; 
Steenbrugge et all 1201 ll) . Their relative importance of which 
appears to depend on the accretion efficiency, t he black hole 
mass, and potentially th e black hole spin (e.g., Kordin g" et al.l 
2006; ISikoraetal.ll2007l) . This, however, renders a simple in- 
terpretation of the FP, i.e. identification of physical processes 
by locus in the FP, impractical, at least for individual objects. 
Rather, there appears to be a range of different FPs, depend- 
ing on object class, i.e. the predominant physical processes. 
Detailed analyses are, therefore, necessary, in order to prop- 
erly disentangle star formation, accretion flow, and jet emis- 
sion from each other in the circumnuclear environment of AGN . 
This is especially important at higher redshifts, for which the 
probed linear scales become increasingly larger and the sur- 
face brightnesses increasingly dimmer. Sensitive, high angular 
resolution observations at radio wavelengths are helpful in this 
respect, as they allow to assess the presence and importance 
of jet emission, relativistic beaming, and star formation, based 
on radio morphology and radio spectral index. For example, 
Japanese VLBI Network (JVN) milli arc-second angular reso- 
lutio n (~ 4 mas) ob servations of three z ~ 0.2 RL NLS 1 galax- 
ies dDoi et all 12007) show unresolved nuclei on pc scales and 
brightness temperatures, as well as, spec tral properties i ndica- 
tive for relativistically beamed emission. lUlvestad et al.l (120051) 
carried out VLBA imaging of RQ QSOs at mas resolution. Two 
objects of their sample are at z ~ 0.2 and either show a jet or 
a self-absorbed, compact synchrotron source. According to the 
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ratio of their X-ray and radio fluxes, the y appear to be rather 
radio loud (cfjTerashima & Wilsonl2003l) . Based on VLBA ob- 
servations, iBlundell & Beaslevl d!998l) find strong evidence for 
jet-producing central engines for some of their RQ QSOs, in 
the form of relativistically beamed radio e mission. These ob- 
jects show relativistically beamed emission. Leips ki et al. I d2006h 
present VLA configuration A and B imaging of z ~ 0.2 RQ 
QSOs and low-z Seyfert galaxies. The radio structures found in 
such QSOs resemble those of jets and outflows, and the authors 
propose RQ QSOs to be up-scaled versions of Seyfert galaxies. 
A question, however, remains, why these objects cannot form 
the powerful jets as have been found in R L QSOs, although 
they p ossess the jet-producing central engine. ISteenbrugge et al.l 
d201 lb follow the idea that the radio emission of RQ QSOs is 
produced by free-free emission in the optically thin part of an 
accretion disc wind. Studying RQ Palomar Green QSOs (PG 
QSOs) in X-rays and in the radio at sub arc-second resolution, 
they found that only in two out of twenty objects, bremsstrahlung 
might contribute to the nuclear radio emission. The QSOs inves- 
tigated in the literature so far are among the brightest members 
of the intermediate redshift AGN population. Studying the radio 
properties of less luminous QSOs, therefore, allows to probe and 
extend the parameter space of relevant physical processes to less 
powerful and more abundant QSOs. 

In the following, we present radio interferometric 18 cm con- 
tinuum observations of 13 optically selected, X-ray bright AGN 
to further investigate the radio/X-ray correlation for intermedi- 
ate redshift AGN. Section [2] describes the sample and Sect. [3] 
the observations. Section [4] presents the results and a discus- 
sion in the context of the radio/X-ray correlation, concluded by 
a summary in Sect. [5] The Appendix provides notes on indi- 
vidual targets. Throughout this work, we use a co smology with 
H a = 70 km s 1 Mpc" 1 , Q. m = 0.3, and Q A = 0.7 (Snerge l et all 
l2003h . 

2. The sample 

The space densi ty of luminous AGN is very low in the nearby 
Universe (e.g., ISchulze et al.l 120091) . In order to study the 
(circum-) nuclear energetics in such AGN, one has to resort to 
a larger cosmological volume. Increased projected linear scales 
and surface-brightness dimming, however, make more distant 
galaxies harder to interpret. A proper disentanglement of S eyfert 
and star-formation features benefits from radio-interfero metric 
observations. These are possible with current observatories 
like the Multi-Element Radio Linked Interferometer Network 
(MERLIN) or the European Very Long Baseline Interferometer 
Network (EVN). Observations of luminous, intermediate red- 
shift AGN have the potential to impart means to connect the 
physical drivers in terms of fueling and feedback of low-redshift 
and less powerful AGN to those of high-redshift, very powerful 
AGN. 

The 13 target^] presented in this work are based on a 
cross-match betwee n the Sloan Digital Sk y Survey 2nd data re- 
lease (SDSS DR2, lAbazaiian etapl2004l) and the ROSAT All 
Sky Survey (RASS. IVoges et al.l ll999F From the SDSS, we 
have chosen only those objects, for which an optical spectrum 
has been measured. The SDSS/RASS pairs were subsequently 
matched with the VLA Faint Images of the Radio Sky at Twenty 

1 The last four objects in Tab. [TJ have nearby (< 40"), bright (r < 
15 mag) guide stars and are suitable for adaptive optics assisted follow- 
up observations o f their host galaxies at near-IR wavelengths (cf., 
Zuther et al. 200j). 



centimeters survey (FIRST, feecker et al.ll995l) . FIRST provides 
better than 5"angular resolution. SDSS, RASS, and FIRST are 
very well matched in terms of sky coverage and sensitivity 
(lAnderson et al. 2003). For this pilot study, we specifically se- 
lected intermediate redshift objects (0.1 < z < 0.4) from the 
matched sample, which lie close to th e classical Seyfert/QS O lu- 
minosity demarcation (i.e., M, = -22 lSchneider et aT1l2003l) and 
which encompass different spectral types of AGN (i.e., Seyfert 
1, Narrow Line Seyfert 1, LINER, radio galaxy; cf., Tab. [T]for 
individual classes). These targets, for given redshift, are less lu- 
minous th an the well-stu died PG QSOs (by about 2 mag at V 
band; cf., [Laor & Beharll200"8h . Furthermore, we selected only 
FIRST-unresolved RQ to radio-intermediate objects. They have 
milli-Jansky flux densities, making them accessible for sensi- 
tive radio interferometric observations and allow us to investi- 
gate the nature of their core radio emiss ion. The details of t he X- 
ray/optical matching are described in Zuther et al. (2009]). The 
matched sample, at this point, is by no means complete, because 
of the selection of specific AGN classes from the quite small ini- 
tial crossmatched sample (about 100 objects). R esorting to more 
recen t versions of crossmatched samples (e.g., Anderso n et al.l 
120071: Vitale et al. 2012, submitted to A&A; Zuther et al. in prep.; 
based on more recent SDSS data releases), allow for the selec- 
tion of statistically more relevant subsamples of individual AGN 
classes (e.g., NLSls) for high angular resolution follow-up stud- 
ies. 

Table Q] lists basic source parameters: ID0 (1), SDSS name 
(2), redshift (3), spectroscopic class (4), local environment (5), 
extinction-corrected SDSS absolute /-band psf magnitude (6), 
FIRST 20 cm peak flux density in mJy (7), FIRST beam size in 
sqarcsec (8), logarithm of radio loudness (9), logarithmic units 
of ROSAT 0. 1-2.4 keV flux in erg s" 1 (10), and logarithmic units 
of the black hole mass in M (11). The absolute /-band mag- 
nitude has been calculated, assuming a power-law^! at visible 
wavelength with index a v j s = 0.5 (e.g., lAnderson et al.1 12 003) 
and a .^-correction of the form F-, = F„(l + z)" 1 (iPetersonl 
119971) . The radio loudness is defined as R* = /5GHZ//2500A 
("e.g.. iKellermann et al.l 1 1989b . In the radio doma in we use a 
power-law index a r — 0.7 (e.g., iHill et all 1200 lh in order to 
estimate the rest-frame 6 cm flux density. The 2500A flux 
density was estimated from the SDSS #psf magnitude, using 
the above a v i s . Objects clearly above log/?* > 1 are usu- 
ally described as radio loud (RL). Very powerful ones can 
even reach/?* > 3 (cf.. llvezic etal] 12002). X-ray fluxes have 
been computed by converting the X-ray counts to flux using 
PIMMS0 and assuming an absorbed power - law w ith an en- 
ergy index ax - 1.5 (cf., lAnderson et al.l 12003 The ab- 
sorbing column densities ar e Galactic values and wer e deter- 
mined from the HI map of lDickev&Lockmanl (Q~990). Black 
holes masses have been taken from the literature (see Tab. [1} 
and are based on a combination of the measurements of the 
width of broad components of Hydrogen recombination lines 
and the lum inosity-radius relation of broad-line AGN (e.g., 
iKasni et alJ 120051) . For (SDSS J150407.51-024816.5 [4] and 
SDSS J010649.39+010322.4 [5]), we measured the [SII] line 
dispersions as tracers of the bulge stellar velocity dispersion 
from their SP SS spectra and employ ed the M. - cr, relation 
as discussed in Komossa & Xu (2007). However, the values are 



2 For brevity, we will refer to the ID instead of the SDSS name 
throughout the paper. 

Throughout the paper we use F v cc v~" . 

4 Portable, Interactive Multi-Mission Simulator, Version 3.8a2 

5 For the energy index we use the form N(E) oc E~ r , and T = a + 1. 
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Table 1. Basic SDSS, ROSAT, and FIRST characteristics of the sample. 
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ID 


JName (ID) 


z 


Class 


Env. b 


Mi.psF 


^20 cm.peak 


#20 cm C 


log R* 


log ^0.1-2 kcV 


log M. 












[mag] 


[mJy] 


[sqarcsec] 




r -I -2n 

[erg s cm J 


[M B ] 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


1 


SDSS J15391 1.17+002600.7 


0.265 


NLS1 


Int 


-22.6 


1.11 ± 0.14 


3.9 x — 


0.6 


-12.4 


6.5 


2 


SDSS U50521.92+014149.8 


0.158 


NLS1 




-21.4 


1 A C /" \ 1 A 

1.45 ± 0.14 


1.8 x 0.5 


0.6 


-12.7 


6.7 


3 


SDSS J134206. 57+050523. 8 


0.266 


NLS1 




-23.4 


3.80 ± 0.14 


1.6 x — 


0.7 


-12.1 


8.0 


4 


SDSS J150407. 51-024816. 5 


0.217 


LINER 


CI 


-22.9 


36.60 ± 0.1 


2.1 x 1.9 


2.0 


-10.9 


7.5' 


3 


SUSS J010D4y.iy+010jzz.4 


O.ZDJ 


LlJNbK 


U 


-I I A 


1 O A i A 1 C 

1.84 ± U.1D 


O.J X 4. / 


1 .3 


1 1 £ 
-1 1.0 


8.6 


6 


SDSS J074738.38+245637.3 


0.130 


Syl 


Comp 


-22.2 


2.47 ±0.15 


1.6 x — 


0.5 


-12.5 


7.4 


7 


SDSS J030639.57+000343.1 


0.107 


NLS1 


Int 


-21.8 


3.89 ±0.15 


0.8 x — 


0.8 


-12.0 


7.3 


8 


SDSS J08 1026.07+234156.1 


0.133 


NLS1 




-21.0 


1.39 ±0.14 




0.8 


-12.2 


6.8 


9 e 


SDSS J162332.27+284128.7 


0.377 


BL Lac 




-22.5 


2.79 ±0.15 




1.4 


-12.5 




10 


SDSS J080322.48+433307.1 


0.276 


Syl 




-22.4 


5.25 ±0.14 


2.3 x 1.0 


1.4 


-12.1 


7.9 


1 l e 


SDSS J080644.41+484149.2 


0.370 


Syl 




-23.8 


43.31 ±0.14 


2.7 x 1.9 


1.9 


-11.9 


9.4 


12 


SDSS J0927 10.60+53273 1.6 


0.201 


passive 


CI 


-21.1 


3.58 ± 0.22 


2.6 x — 


1.8 


-11.8 




13 


SDSS J134420.87+663717.6 


0.128 


Syl 


Int 


-22.9 


2.70 ± 0.40 g 


67.2 x 53.4 


0.2 


-11.9 


7.6 



a Spectral classification based on SDSS spectrum (for NLS1 see lZhou et al.ll2006klWharen et al.l[ 2006). 
b Int: interacting, CI: galaxy cluster or group, Comp: companion galaxy as judged from the SDSS images. 

c The FIRST catalog lists the deconvolved major a nd minor. Gaussia n beam components. Not all deconvolved co mponents are availabl e. 
Black-hole masses from literature: 990515 from IWu & Qui ( 120041) . The remaining black-hole masses are from[G reene &Hol (120071) , unless 
otherwise noted. 

c Source is jet dominated. 

f Using M. - a relation and [SII] line width as tracer of the bulge stellar velocity dispersion (cf., Ko mossa & Xdl20"07l) . 
g The radio data originate from the NVSS 20 cm survey. 



only intended to give a rough idea of the involved black hole 
masses. SDSS J162332.27+284128.7 [9] is a BL Lac, SDSS 
J092710. 60+532731. 6 [12] is a passive galaxy, and both sources 
show no spectral feature that can be used for SMBH mass- 
estimates. 
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Fig.l. 0.1-2.4 keV X-ray vs. 20 cm FIRST peak luminosity. 
Symbols of our sources are indicated in the legend and corre- 
spond to spectroscopic types. Colors are coded according to the 
black-hole mass. Open symbols have no black-hole mass avail- 
able. For comparison, we prese nt SDSS/FIRS T/ROSAT based 
broad-line AGN (BLAGN) from lLi etal1(l2008l x correspond to 
RQ and + to RL BL AGN). The dashed line is the linear correla- 
tion for RQ QSO of BrinkmannetalJ (120001) . 



Figure [TJ shows the radio/X-ray correlation for our sample. 
For comparison we also show the SDSS/ROSAT/FIRST based 
broad line AGN (BLAGN) sampl e oflLi etal.1 (120081). tog ether 
with the fit for RQ QSOs from (iBrinkmann et all l2000h . The 
BLAGN sample is split into a RQ (x) and a RL (+) sub sample. 
The radio loud objects harbor more massive black holes than the 
RQ ones, though the dependence on black-hole mass appears 
to be most intense at lower radio powers (cf., Fig. 4 in iLi et alJ 
2008). The RQ correlation has a slope of unity, indicating that 
the core radio emission is a direct tracer of the nuclear activity. 
Our targets follow the RQ relation closely, with the exception of 
target 11, this source, however, has a strong, extended jet compo- 
nent. At high radio powers, the RL BLAGN significantly deviate 
from the RQ relation, indicating that the jet component becomes 
dominant. If the X-ray emission still originates from (or close 
to) the accretion disk, while the radio emission is coming from 
the jet, then a deviation from the RQ correlation is expected. 



3. MERLIN and EVN observations 

We acquired 1 8 cm continuum snapshots of the 1 3 X-ray bright 
AGN introduced in Sect.[2]using MERLIN. For four objects we 
also obtained 18 cm Western EVN (using the stations Effelsberg, 
Medicina, Westerbork, Onsala [85 ft.], Torun, Noto, and Jodrell 
Bank [Lovell]) observations at higher angular resolution. Target 
4 was, furthermore, studied with the same Western EVN at 6 cm. 
All observations were carried out in phase-referencing mode, i.e. 
the target scans were alternated with scans of a nearby phase 
reference. The observations were distributed over several hour 
angles to ensure a more homogeneous uv coverage. Table|2]gives 
an overview of the individual observing runs, including the date 
of observations (2), radio observatory (3), exposure time (4), and 
the associated phase calibrators (5). For the MERLIN data, we 
checked the suitability of the pipeline results (amplitude-, phase 
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Table 2. Journal of 18 cm observations 



ID 


Date 


Array 


Exp. time 


Phasecal b 




[DD.MM.YY] 




[h] 




(1) 


(2) 


(3) 


(4) 


(5) 


1 


04.01.07 


MERLIN 


1.28 


1535+004 


2 


04.01.07 


MERLIN 


1.29 


1502+036 


3 


04.01.07 


MERLIN 


2.77 


1329+063 


4 


04.01.07 


MERLIN 


1.05 


1514+004 


4 


26.10.08 


EVN 


3.84 


J15 10-0543 


4 :l 


31.10.08 


EVN 


3.85 


J15 10-0543 


5 


22.12.06, 06.01.07 


MERLIN 


5.01 


0106+013 


6 


22.12.06 


MERLIN 


1.93 


0743+277 


7 


22.12.06 


MERLIN 


1.53 


0258+011 


8 


22.12.06 


MERLIN 


1.52 


0802+212 


A 

9 


A A o Ac m AT 
04. & 03.02.0/ 


MhKLlN 


13.21 


0552+398 


10 


26.& 27.06.05 


MERLIN 


6.62 


0803+452 


10 


07.06.07 


EVN 


2.2 


J080 1+4401 


11 


28.05.05 


MERLIN 


9.22 


0804+499 


11 


07.06.07 


EVN 


2.24 


J0808+4950 


12 


27.& 28.05.05 


MERLIN 


10.5 


0929+533 


12 


07.06.07 


EVN 


2.24 


J0932+5306 


13 


26.05.05 


MERLIN 


7.37 


1337+0637 



a 6 cm observation. 

b MERLIN phase calibrators names are in IAU B1950 format. EVN 
phase calibrators names are given in IAU J2000 format. 



calibration, flagging of the phase calibrator) and applied further 
flagging of the target amplitudes and phases befo re imaging with 
the data reduction package AIPS0 dWellsl [l985). For the EVN 
data, we carried out flagging, amplitude/phase calibration and 
fringe fitting with AIPS before imaging, according to standard 
reduction recipes^. 

4. Results and discussion 

Cleaning and self calibrating the images with DifmapQ 
(Shepherd 1 19971) . employing natural weighting resulted in the 
Stokes-/ mapfl presented in Figs. [2] and [3] The restoring beam 
sizes and orientation are indicated in the lower left corner of the 
maps. Typical beam sizes are 290 x 170 mas for MERLIN and 
19 x 12 mas for EVN, corresponding to linear scales of about 
950 x 560 pc and 63 x 40 pc, respectively. The contours rep- 
resent multiples of the standard deviation, <x, of off-source re- 
gions in the final reconstructed images, as listed in Table E] B 
The table furthermore lists source properties like peak flux den- 
sity, major and minor axes of a Gaussian fit to the central com- 
ponent, and the extent of the central component, measured as 
e = -JFint/FpeaiL (cf jlvezic et alj |2002). Sources with e > 1 are 
extended. 

All targets, except SDSS J134420.87+663717.6 [13], have 
been detected with MERLIN and EVN. Noise levels range from 
0.07 - 0.6 mJy in the MERLIN images and 0.06 - 1.14 mJy in 
the EVN images. As can be deduced from the maps, all detected 

6 http://www.aips.nrao.edu/index.shtml 

7 http://www.evlbi.org/user_guide/guide/userguide.html 

8 ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html 

9 We use the term map, in the context of the interferometric obser- 
vations, for the graphical representation of the reconstructed images by 
contours. 

10 The measured cr values are consistent with the noise levels, as de- 
rived theoretically (cf., Wrobel & Walke d 19991) . using typical MERLIN 
system parameters. 



sources are dominated by a nuclear component. The extent pa- 
rameter indicates that these nuclear components are marginally 
resolved (e ~ 1.16). Note that the boundary between unresolved 
and resolved source is not sharp, since errors in the estimation 
of peak and integrated flux densities have to be taken into ac- 
count. Assuming 10% errors of the flux measurements (which is 
the mean error for all our measurements), results in a ~ 10% er- 
ror for e. This means that e — 0.9 and e = 1.1 have the same 
meaning. Targets SDSS J030639.57+000343.1 [7] and SDSS 
J080644.41 +484149.2 [11] show the most extended structures 
according to their e. A special case is target [4], for which we 
detected a second strong nuclear component (also see App.lAlfor 
further discussion). This is the only source that was also targeted 
at 6 cm. Both components were detected at 6 cm, but only the 
stronger component was detected at 18 cm (Fig. [3). Bad weather 
conditions during the 18 cm run could have partially been re- 
sponsible for a reduced sensitivity outside the image center. 

Fig. [4] displays the brightness temperature versus the radio- 
derived star-formation rate (SFR). As discussed below (Sect. 
14.21 ). the SFR is proportional to the radio luminosity density. 
Therefore, the figure also displays the variation of peak flux den- 
sity with used array (VLA - MERLIN - EVN; i.e., the probed an- 
gular scales). For most sources, a trend of decreasing peak flux 
densities of the central marginally resolved point source with 
increasing angular resolution is evident. This is consistent with 
the idea of attributing part of the radio emission (up to 50% from 
FIRST to MERLIN) to extended jet structures or star-formation. 
These features are just resolved out by the longer baselines. 
Variability of the nuclear source can also account to some degree 
for the differences between the multi-epoch/multi-aperture data. 
As will be discussed in the next Section, the increased peak flux 
densities for some sources (1,4, 10, 12) at later epochs clearly 
point towards variability. For those sources, where the peak flux 
density at later epochs is decreasing, we cannot clearly distin- 
guish between the two effects. 

4.1. Extended emission 

The sources of this sample - except target 11, which shows a 
compact core plus two distant lobes - are unresolved on FIRST 
scales. We can, therefore, compare the integrated flux density in 
the MERLIN images, F pea k x e 2 , with that of the FIRST peak 
flux densities (Tab. 0E3 Four (5, 6, 8, 12) of the 1 1 MERLIN 
detections (ignoring the double source 4 for the moment) are 
clearly fainter on MERLIN than on FIRST scales, indicating 
resolved extended emission. The resolved fractions reach up to 
70%. Another four sources (2, 3, 9, 10) have integrated MERLIN 
flux densities similar to the FIRST peak flux density, indicating 
that most of the flux is still contained in the compact nuclear 
component. The remaining three sources (1, 7, 11) are clearly 
brighter on MERLIN scales, indicating for variability. In addi- 
tion to source intrinsic processes, interstellar scintillation in our 
Gala xy can be res ponsible for part of the observed variability 
This is particularly important in the 3-8 GHz 
regime and due to changing sight lines through the interstellar 
medium to the target during the motion of the Earth around the 
sun. It has been observed that the variability amplitude of com- 
pact (on VLBI scales) cores of QSOs related t o this p henomenon 
is typically up to 25% (e.g..[Ouirrenba chet al.lll992b . We, there- 
fore, checked the 60 fim and 100 //m IRAS maps around the 



11 For a typical radio spectral index (a = 0.7), the MERLIN 18 cm 
fluxes densities are only marginally different from the estimated 20 cm 
ones. 



Table 3. MERLIN, EVN measurements, basic source parameters, and derived brightness temperatures, star-formation rates. 



Source 




1 


2 


3 


4E 


4W 


5 


6 


7 


8 


9 


10 


11 


12 


13 


MERLIN 18 cm 












































2006 














2005 






[mjy/beam] 


3.4 


1.10 


3.1 


56.5 


13.8 


0.45 


0.49 


3.00 


0.38 


2.20 


4.14 


j /.jU 


o 1 n 


< 0.07 


a 


[mjy/beam] 


0.6 


0.19 


0.5 


0.30 


0.30 


0.09 


0.07 


0.06 


0.09 


0.07 


0.09 


n 

U.zj 


U.Uo 


0.07 


^major 


[arcsec] 


0.38 


0.50 


0.34 


0.36 


0.35 


0.32 


0.21 


0.34 


0.14 


0.22 


0.22 


0.25 


0.18 




^minor 


[arcsec] 


0.20 


0.18 


0.29 


0.16 


0.16 


0.22 


0.15 


0.30 


0.12 


0.13 


0.13 


0.17 


0.12 




6 




1.19 


1.12 


1.16 


1.19 


1.19 


1.14 


1.16 


1.24 


1.0 


1.14 


1.17 


1.21 


1.16 




EVN 18 cm (6 cm)' 










































2008 
















2007 






^peak 


[mJy/beam] 








46.8 (40.0) 


< 1.4 (0.74) 












5.35 


33.60 


5.31 




o~ 


[mjy/beam] 








1.4 (0.06) 


1.4 (0.06) 












0.10 


0.10 


0.10 




^major 


[arcsec] 








0.024 (0.013) 


... (0.012) 












0.020 


0.017 


0.023 




^minor 


[arcsec] 








0.013 (0.006) 


... (0.006) 












0.013 


0.012 


0.013 




6 C 










1.23 (1.21) 


...(1.17) 












1.19 


1.24 


1.18 





^MERLIN ; ^FIKST 

peak ' peak 
^■EVN /^-MERLIN 
peak ' peak 


[%] 






306.3 


75.9 


81.6 


152.9 


37.7 


24.5 


19.8 


77.1 


27.3 


79.6 


78.9 


86.6 


58.7 




[%] 












83.6 














129.2 


89.6 


252.9 




log L 2Q cm 


[erg s- [ 


Hz 


'J 


30.4 


30.0 


30.9 


31.7 


31.7 


30.5 


30.0 


30.0 


29.8 


31.1 


31.1 


32.3 


30.6 


30.0 


l°g ^MERLIN 


[erg s" 1 


Hz- 


'] 


30.8 


29.9 


30.8 


31.3 


31.9 


29.9 


29.3 


29.9 


29.2 


31.0 


31.0 


32.2 


30.4 




log L EVN 


[erg s" 1 


Hz 


'] 








31.8 














31.1 


32.2 


30.8 




log A). 1-2.4 keV 


[erg s _1 


J 




43.9 


43.2 


44.3 


45.3 


45.3 


44.7 


43.2 


43.5 


43.4 


44.2 


44.3 


44.8 


44.2 


43.7 


log 7b,20 cm 


[K] 






1.8 b 


3.1 


3.1 b 


3.9 


3.9 


1.7 


2.9 b 


3.6 b 


2.3 b 


2.5 b 


3.3 


3.9 


2.6 b 


-0.3 


log 7b_MERLIN 


[K] 






4.6 


3.9 


4.4 


5.9 


5.3 


3.7 


4.0 


4.3 


4.2 


4.8 


5.1 


5.9 


4.9 




log r b , EVN 


[K] 












8.1(8.5) 


... (6.9) 












7.2 


8.2 


7.1 




log SFR 20 cm 


[M yr 


-'] 




2.1 


1.7 


2.7 


3.4 


3.4 


2.3 


1.7 


1.7 


1.5 


2.8 


2.8 


4.0 


2.3 


1.7 


log SFRmerlin 


[M yr 


-'] 




2.5 


1.6 


2.5 


3.6 


3.0 


1.5 


1.0 


1.6 


1.0 


2.7 


2.7 


3.9 


2.1 




log SFR EVN 


[M Q yr 


-'J 










3.5 














2.8 


3.9 


2.5 




log SFR [0 ii] 


[M a yr 


-'] 




1.4 


0.5 


1.4 


1.9 


1.9 


1.7 


0.8 


0.3 


0.4 




0.0 


1.6 


-0.4 


0.9 


SNR MERL ] N 


[yr" 1 ] 






3.3 


0.4 


3.3 


42.0 


10.6 


0.4 


0.1 


0.4 


0.1 


5.3 


5.3 


83.8 


1.3 




SNRevn 


[yr 1 ] 












33.4 














6.7 


83.8 


3.3 





a Values in brackets correspond to 6 cm EVN measurements. 

b In case one component ( major or minor axi s) of the source size is missing, the existing one is used. In case both components are missing, the median source size is used, according to 
9 ~ 2J ^6 3 cm,peak arcsec f cf . . ISecker et al.lll995h . 
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Fig. 2. Maps of the MERLIN 18 cm reconstructed images of the detected sources (detection threshold 3cr). Contours refer to -2 
(dashed), 2, 3, 4, 5, and 6 times the cr in the image. Except for sources 7 and 9, for which the contours refer to -2, 2, 3, 4, 8, 16, 32, 
... times the cr. All cr values are given in Tab. [3] The beams are indicated in the bottom left corner of the maps. North is up, East is 
left. Sources with EVN follow-up observations are shown in Fig. [3] 



positions of our sam ple objects for Galactic cirrus emission (cf., 
Jakobsen etalj|1987l) and the maps for local (within a few par- 
sees) turbulent warm interstellar clouds dLinskv et al.1120081) . We 
find that scintillation potentially contributes to the variability of 
our so urces. In terms of differential cloud velocity dLinskv et al.l 
2008), sources 10 and 12 are the least, and source 1 is most 
stronly affected by scintillation. Without any further correction 
for this effect, the measured core fluxes of our targets are con- 
stant on that level, and excess variation is most likely due to 
source intrinsic properties (i.e., extended emission or variability 
of the central engine). Nevertheless, our basic conclusions re- 
garding the radio loudness and the location in the fundamental 
plane, as discussed in the following sections, are not hampered 
by this effect. Further (pseudo-simultaneous) multiwavelength 
observations are required to resolve the ambiguity between vari- 
ability due to jet/AGN or supernovae or interstellar scintillation 
contributions. 



4.2. Importance of star formation 
4.2.1. Brightness temperatures 

The brightness temperature, Tb, helps distinguishing between 
emission mechanisms. The angular size of the restoring beam 



can be used to determine Tb, corresponding to the unresolved 
nuclear radio flux: 

rs = g = 1 , xl „.a«,(^)(^f(5^=p K a) 

where c is the speed of light, v the frequency, k the Boltzmann 
constant, and I v the specific monochromatic intensity, which is 
the specific flux density divided by the solid angle Q, the ex- 
tent of the radio emitter. The solid angle is approximately £2 » 
fi'major x flminnr of the unresolved source component. The factor 
(1 +z) accounts for the redshift of the source. The typical temper- 
ature of an HII region is of the order of 10 4 K. Brightness tem- 
perat ures well above 10 4 K (typical for star-forming galaxies, 
e.g. JCondon et all 19821), are u nlikely due to star formation (cf., 
discussion in lKrips et al.ll2007h . The effective temperature of ra- 
diatio n for classical accr etion disks is in the range 10 5 - 10 7 K 
(cf.. iNaravan et al] [l998). Brightness temperatures in excess of 
10 7 K are related to nonthermal processes, at very high levels (> 
10 9 K) supposed ly to relativistically beamed jet emission (e.g., 
Read headlll9'9ll) . Table [3] lists Tb for the individual measure- 
ments (FIRST, MERLIN, EVN). The brightness temperatures 
for given angular size vary between 10 2 4 K for FIRST, 10 4 " 6 K 
for MERLIN, and 10 7 ~ 8 K for EVN; clearly increasing with in- 
creasing angular resolution. Brightness temperatu res of the unre- 
solve d VLBA cores of RQQs are about 10 8 ~ 9 K (Ulvestad et al. 
120051) . whereas luminous qua sars can exhibit brightness temper - 
atures of up to 10 12 K (e.g.. lKellermann & Paulinv-Tothj ri969). 



J. Zuther et al.: X-ray bright AGN at 18 cm 



MERLIN 



EVN 




wtersiw ±2 k .tt t*a: zr.ai u'.Ji 

a ■ 



10 




w^ai-Tacjw ^^ta ly^w 2T.*?g 




■naTM^JM Hpsft *r» b^-W 




11 



tfiteW.-iS •rf-.JiS u'Jl 





irt)^M*.93 (PjH ar.w ttj'ji Wi* 



;■-.= 


















1.*4S*J Ctu - 


























j ^ 








( « 






.3 








c 




12 








} If b 

if 
1 






EVN 




• 








• 








q 





tfirifji m?-m h>.™ i(f.w iitao irf'inij'aw i-?\sh iff'.sw i^w-sr-M"! eriic w-.su prjio 



Fig. 3. The first two columns present MERLIN and EVN 18 cm reconstructed maps. The third column shows the MERLIN 18 cm 
map of source 4 in the first row. The second row shows the EVN 6 cm map including the eastern and western components. In the 
third row we present a close-up of the eastern component in the EVN 18 cm map. The western component was not detected. We 
present maps of the cleaned images of the detected sources (detection threshold 3cr). Contours refer to -3 (dashed), 3, 4, 8, 16, ... 
times the cr in the images. The cr values are given in Tab. [3] The beams are indicated in the bottom left corner of the maps. North is 
up, East is left. 



At least for the EVN data the values are too high to be dominated 
by star formation. 

4.2.2. Star-formation indicators 

A large body of work on star -forming galaxies shows correla- 
tions between X-ray /FIR (e.g., iDavid et al]ll992h . and radio/FIR 
fe.g.. lCondon et alii 199 lh . as well as calibrations of supernova 
and star-formation r ates (e.g.. ICondonl 1 19921 iHill et all [200 1 ; 
Hop kins et aT]l2003t lBellll2003l) . which allow us to test the hy- 
pothesis that the nuclear emission is dominated by star forma- 
tion. 

First, we can estimate star-formation rates and FIR luminosi- 
ties from our radio measurements. We will use the 18 cm flux 
densities directly, since, for reasonably flat spectra of radio emis- 
sion, the differences between 18 cm and 20 cm fl ux densitie s are 
negligible. Star-formation rate is, according to iBelll (120031) . re- 
lated to the 20 cm luminosity density by 



' SFR 

,M yr- 



= 5.52x 10 15 



ergs- 



Hz 



(2) 



The estimated SFRs for the FIRST, MERLIN, and EVN mea- 
surements are listed in Tab. [3] For about half of the sources 
the SF Rs are > 100 and reach up to 10 4 M Q yr _1 . Hopkin s"et alj 
(120031) find SFRs < 100M o yr" 1 for most of their SDSS-based 



sample of inactive galaxies. There are extreme examples of star- 
bursts/interactin g galaxies with SFRs of up to 1000 M Q yr~' (cf., 
IKennicutll 19981) . These obje cts, however, are ultralum inous in- 
frared galaxies (ULIGs, e.g., San ders & Mir abel 1996). We can 
also estimate the infrared (IR) flux in case that all radio emission 
is due to star formation, i.e. re-radiation o f hot dust. We use the 
radio-SFR in Eq. (4) of IKennicutll dl998h . For most of our ob- 
jects the estimated IR luminosity falls in the regime of ULIGs. 
As such, they should have been detected by IRAS. PI 

Supernovae are the end product of massive star formation. 
There appear to be e xceptionally br ight type-2 radio supernovae 
(RSNe). Following dHill et al.l l2001). we compare our core flux 
densities with t hat of one of the brightest supernovae, SN1986J 
in NGC 891 dWeiler et al .1119901) shifted to the average redshift 
of our sample (z ~ 0.2). The 20 cm and 6 cm light curves peak 
at about 130 mJy. Our sample is about 1000 times more distant 
than NGC 891. In order to contribute significantly to the unre- 
solved core emission, of the order of 10-100 RSNe have to be in- 
volved. This is quite high, especially when consi dering the small 
volume sampled by the E VN observations (cf.. iTerlevich et ail 
U992lilMuxlowetalJl994 . Furthermore, assuming that all of the 



12 Take, for example, the ULIG 3C 48, which has a similar redshift 
and infrared luminosity (z = 0.3695, L 1R a 5 x 10 12 L H ) and has been 
clearly detected with IRAS ( Neusebauer et al . 1985). 
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radio flux has a non-thermal origi n, we can estimate the type-II 
supernova rate (SNR) according to lCondon & Yinld 19901) : 

lyr 1 ) VGHz/ Urgs^Hz 1 / 

where a 0.8 is the nonthermal radio spectral index and Lnt is 

the nonthermal component of the radio emission. Tab. [3]lists the 
estimated SNRs, which range from 0.1-83 yr -1 . Starburst galax- 
ies sh ow SNRs of the order of < 10 yr~' (e.g., Man nucci et alJ 
120031) . whereas Seyferts, with some exceptions, show SNRs of 
the order of < 1 yr 1 (e.g jHill et al]|200ll:lLaine et al.ll2006l) . 

Furthermore, we can use the the [OII]/13728A luminos- 
ity, measured from the SPSS spectr a, to estimate SFRs (e.g., 
iHonkins et al]l2003b lKennicuttl [l998V It has been demonstrated 
that | Oil] can also be used as a star-formation tracer in 
120051) . and we will show, that, consistently, star formation is not 
significantly contaminating the nuclear emission. In high ioniza- 
tion typ e- 1 AGN , flux ratios of [OII]/[OIII] typically range from 
0. 1-0.3 (Ho 2005, and references therein). Ex cess [QUI emission 
can th en be attributed to star formation (cf., IVillar-Martm et all 
12008b . In our sample the median [OII]/[OIII]= 0.53, ranging 
from 0.13 to 4.9. Except for the two LINER galaxies [4, 5], 
which show the highest ratio in excess of a factor of about 15 
over the typical type-1 AGN value, the ratios are quite similar 
to type-1 ionization. We follow the prescription of iHol ((2005) 
in estimating [OII]-based SFRs. At this point we neglect excita- 
tion of TOII1 via shocks. These might be important for LINERs 
(iHeckmanl 1 1 980h and i n such cas e s, we overpredict the [OII]- 
based SFRs. With the iKennicutll dl998h calibration, we then 
find a median SFR of about 7.3 M yr~', ranging from 0.4 to 
71 M yr . This demonstrates that star formation contributes to 
the overall emission. However, inverting Eq. [2] to estimate ra- 
dio luminosities based on the [Oil] -derived SFRs and compar- 
ing with Tab. [3] especially with those SFRs derived from our 
MERLIN and EVN data, shows that star formation cannot ex- 
plain the compactradio emission of our sources. The [OII]-based 
radio luminosities are at least an order of magnitude below those 
of the observed radio luminosities. There appear to be two ex- 
ceptions, sources [5] and [6], for which [Oil] and radio SFRs 
are of the same order of magnitude and are comparably small. 
Target [5] is one of the two LINER galaxies in our sample. The 
fact that the SFRs are of the same order of magnitude might be 
misleading, since part of the [Oil] emission is likely to be excited 
by shocks as mentioned above. Note that the 3"diameter SDSS 
fibers probe galactic scales of the order of 10 kpc at the aver- 
age redshift of our sample, whereas MERLIN probes ten times 
smaller scales. In that sense, the SDSS fibers much better couple 
to the FIRST beam size of about 5"and probably much of the 
star formation is extended throughout the host galaxies. A direct 
comparison of the MERLIN and EVN based with the [Oil] based 
SFRs has to taken with caution and should only be regarded as 
a coarse indicator for the contribution of star formation to the 
radio emission. 

Fig.|4]summarizes the situation based on brightness temper- 
ature and radio SFR. With higher angular resolution (MERLIN) 
part of the emission is resolved out. The exceptions mentioned at 
the end of the previous paragraph consistently are on the left side 
of the diagram. With still increasing angular resolution (EVN), 
however, the nuclear emission is rather unresolved, the SFR re- 
mains constant, and the brightness temperature increases. The 
EVN cores are, therefore, likely due to nonstellar nuclear pro- 
cesses, being consistent with the AGN nature of the visible spec- 
tra. 




10 1 10 2 10 3 10 4 

star-formation rate [M n yr" 1 ] 



Fig. 4. Brightness temperature vs. star-formation rate, both esti- 
mated from radio flux densities. The symbol size corresponds to 
the source size of the individual observation. FIRST, MERLIN, 
and EVN measurements of each source are connected by a line. 
General symbol shapes as in Fig.Q] 

4.3. The radio/X-ray connection 

In the previous section we have seen that for most of the sam- 
ple objects the compact (i.e., unresolved) radio emission is of 
non-stellar origin. We can combine our high angular resolu- 
tion 18 cm observations with archival soft X-ray data to bring 
our sources in context with the radio/X-ray correlation. We will 
show that the sources of our sample follow the general trends 
of the X-ray/radio correlation and that they are consi stent with 
the fundamental plane relation of iMerloni et al.l (120031) . which 
rather traces the accretion flow than the connection with the (ra- 
dio) jet. Since the X-ray and radio data are not from the same 
epoch, we cannot exclude that variability has affected the fluxes 
in each of the components. Here, we assume that the measured 
fluxes are representative for the average flux levels of the pre- 
sented AGN. At radio frequencies (Fig. |4}, all but two sources 
present decreasing flux-density values on MERLIN scales, while 
on EVN scales mostly the level of the FIRST flux density is 
re ached. Consider ing the SDSS/ROSAT/FIRST BLAGN sample 
of iLi et ail d2008h . the large number of objects provides statisti- 
cal trends for the population. As will be discussed in the follow- 
ing paragraphs, the objects presented in this work are following 
these general trends, indicating that variability does not have a 
significant impact. Concerning the X-ray domain, three objects 
(4, 5, and 12) are located close to/at the centers of clusters of 
galaxies. Therefore, a significant fraction of the X-rays origi- 
nates from the hot intracluster gas and will bias our results (see 
App.|A|. 

4.3.1. Radio loudness 

Radio loudness and the nature of its apparent dichotomy (RL 
and RQ AGN) are still a matter of debate. Selection effects 
seem to play an important role. However, when conducting deep 
radio observations, AGN appear to sho w a rather continuou s 
distribution of the radio loudness (e.g.. ICirasuolo etai1 l2003). 
Nevertheless, wor k on large SPSS- based samples still recov- 
ers a bimodality (llvezic et al.l 120021) . RL AGN are associated 
with the largest black-hole masses and early-type host galax- 
ies, while late-type galaxies almost exclusively host RQ AGN 
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Fig. 5. Radio/X-ray vs. radio/optical flux ratio. Diagonal lines 
indicate optical/X-ray ratios of 1, 10, and 100. Symbol shapes 
as in Fig.Q] Black symbols are based on our MERLIN measure- 
ments. The black open right triangle corresponds to the radio 
upper-limit based values of source 13. Red symbols are based 
on ou r EVN measurements . The open magenta triangles are data 
from lUlvestad et aL ( 2005b. Green he xagons are low luminosity 
Sevfert 1.2 from | Panessa et"aTI (|2007|). blue crosses radio galax- 
ies from Balmaverde & Capetti (2006). Cyan d iamonds are soft 
X-ray selected NLSls from Grup e et al.l(l2004l ). Light grey plus 
signs are BLAGN from Li et al.l (12008b . Japanese VLBI obser- 
vations of two of them are represented by orange pentagons 
(DoietaL 2007b . Note that only our data as well as those of 
lUlvestad et alJ and iDoi et aTl are based on high angular resolu- 
tion radio observations. The dotted horizon tal and vertical line s 
mark the refined RL/RQ demarcation from lPanessa et al.1(l2007l) . 



(e.g.. lHamiltonll2010h . On the other hand, using high angular 
resolution in the radio (e.g., VLA) and the visible (e.g., HST), 
even classical low redshift RQ AGN and low luminosity AGN 
(despite their low intrinsic power) turn out to have RL cores 
dHo & Pengll2001l) . This emphasizes the importance of angular 
resolution and sensitivity for a thorough classification. 

iTerashima & Wilsonl J2003) introduced a new measurement 
of the radio loudness. They compute the ratio of 5 GHz over 
hard X-ray flux, RX = vS v (5 GHz)/S(2 - 10 keV). The use of 
X-ray flux should overcome extinction effects that are important 
at visible wavelengths. The unresolved nuclear X-ray source is 
also more reliably connected to the AGN than the visible emis- 
sion, which could be contaminated by host galaxy light. Figure 
[5] displays the ratio of radio over X-ray luminosity versus clas- 
sical radio loudness. Also indicated are lines of constant optical 
over X-ray luminosity. The dotted ho rizontal and vertical lines 
show the refined RQ/RL separation bv lPanessa et al. (2007). Our 
data points are shown as filled black (MERLIN) and red (EVN) 
symbols. The shapes of the symbols are as in Fig. Q] Our data 
points populate the RQ region between 1 < O/X < 10. The 
two LINERs (4 and 5, filled stars) and the passive galaxy (12, 
filled circle) show a relative increased X-ray contribution due 
to X-rays from the harboring galaxy clusters. The large ROSAT 
beam does not allow us at this point to decompose the X-ray 
emission into AGN and cluster emission. As discussed above, in 
11 of 13 cases, the MERLIN observations resolve out 15-80% 
(with an average of about 41%) of the FIRST detected emission 



(assuming no contribution by variability). This means that the 
AGN become more radio quiet, and this effects moves the data 
points along O/X = const lines; e.g. a 50% resolved fraction of 
the MERLIN data would move the corresponding FIRST data 
points by -0.3dex along \ogRx and log/?*. 

For comparison, we present data from various related stud- 
ies. We actually sho w the 0.1-2.4 k e V inst ead of the 2-10 keV 
fluxes. As noted by lUlvestad et al.l ((2005), applying the com- 
monly used X-ray photon index of F = 2 in computing the 2- 
10 keV flux results in an average reduction of the X-ray flux 
by a factor of 2. We, therefore, multiplied the 2-10 keV fluxes 
of the comparison objects by that factor, missing knowledge 
on the X-ray spectra justifies such a procedureQ Small, grey 
symbols show SDSS/ROSAT/FIRST-ba sed BLAGN (< z >= 
0.67 + 0.49 for 0.02 < z < 2.17) from lLi etal.1 (120081) . Black 
hole masses range from 1O 6 ~ 8 M (< M. >= 3 x 10 8 M Q ). The 
data span four decades of radio loudness and closely follow the 
O/X = 1 line. Acc ording to the revised RQ/RL separation by 
iPanessa et al.l d2007l) about 12% of their sample can be classi- 
fied as RL. In contrast, using the classical definition, 69% of 
their sample is RL. The nearby (z < 0. 015) low luminosity AGN 
(type-1, type-2 and LINER/HII) from lPanessa et al.l (120071) are 
shown as green hexagons. Black hole ma sses are in the rang e 
1O 5 ~ 8 M with a peak just below 10 8 M o dPanessaet all 12006). 
Open cyan diamonds are soft X -ray selected NLS 1 galaxies 
(with 0.017 < z < 0.27) from iGrupe et al.1 d2004b . The RQ 
NLSls have likely rather small black-hole masses of around 
< 10 6 M C Q Blue crosses are core radio galaxies and low lu- 
mi nosity radio galaxies (with 0.0 03 < z < 0.01) from the study 
of iBalmaverde & Capettil d2006l) . These objects are clearly ra- 
dio loud and have a mean black hole mass of ~ 4 x 1O 8 M . 
Among high angular resolution st udies, we show QSOs stud- 
ied with VLB A (on mas scales) by lUlvestad et alJ (12005, open, 
magenta, upri ght triangles). The RQ QSOs (based on the sam- 
ples of iBarvainis et al.l Il996t iBarvainis & Lonsdale! 1 19971) are 
mostly unresolved on VLBA scales, exhibit brightness temper- 
atures of about 10 9 K, and have typical black hole masses of 
around 1O 9 M . The RQ QSOs clearly populate a different region 
(O/X a 100) than the other RQ AGN presented in the figure. 
The RL QSOs are similar in their radio loudness characteristics 
to those from the other studi es. Orang e pen tagons are JVN ob- 
servations of two NLSls bv IDoi etaL d2007l) . They ha ve black 
hole m asses of about 1O 7 M and are also part of the iLi et al.l 
(120081) sample. The JVN data are spatially unresolved on mas 
scales and brightness temperatures in excess of 10 7 K. 

In Fig. O most of the data points lie between 1 < O/ X < 10, 
especially those of the BLAGN from ILi et al.l (2008) s catter 
aroun d the O/X — 1 line. In the RQ domain, lUlvestad et al.l 
d2005h find slight indications for increasing O/X for decreas- 
ing R*. The authors discuss that this effect could be related to an 
increased X-ray contribution by inverse Compton up-scattered 
photons from the base of the jet for RL objects. For RL objects, 
especially radio galaxies, O/X can again reach values ^ 10. 
Interestingly, the RQ objects with the highest Rx are broad ab- 
sorption line QSOs, which are known to be X-ray faint and it 
is still being a matter of discussion, whether the X-ray faint- 



Here, a certain amount of caution is advisable, because it is cur- 
rently unclear, whether soft (0.1-2 keV) and hard X-rays (2-10 keV) 
have the same origin for the various classes of objects presented in Figs. 
[5]and[6] Furthermore, soft 0. 1-2.4 keV X-rays are more prone to extinc- 
tion than the harder 2-10 keV X-rays. 

14 Based on the width of their broad FX/? lines and the broad-line-region 
radius luminosity relation from Bentz et al. (20091). 
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ness is due to extinction (e.g.. iMiller et al.ll2009t iBlustin et al.1 
2008). In case extinction is important, R* in these objects could 
be biased and corrected values could actually be located in 
the RL domain. One has to emphasize the importance of thor- 
oughly studying the nuclear radio to X-ray e mission in order t o 
derive the intrinsic nuclear continuum (cf.. iHo & Peng||2001l) . 
Angular resolution varies with telescope and observing wave- 
length. Accordingly, over a range in target redshift, a wide range 
in l inear scales wi ll be probed by the observations. In case of 
the lLi et aD d20 08) sample, the linear scales probed range from 
~ 0.4 - 8.5kpc/". Contamination by host galaxy emission or 
extended jet structures makes comparison between individual 
works difficult. Despite a quite low angular resolution, in the X- 
ray domain, the high luminosi ty can generally be solely ascribed 
to the AGN (cf., discussion in lPanessa et al.ll2005h . Galaxy clus- 
ters with significant extended X-ray emission present an excep- 
tion. Here, high angular resolution and X-ray spectral informa- 
tion are necessary. 

In general, Rx and R* are well correlated and can, apparently, 
both be used to assess the radio loudness of AGN. 



4.3.2. Eddington Ratio 

Assuming spherical accretion, for given black hole mass, 
the Eddington luminosity Lead calculates as Lead ~ 1.26 x 
10 38 M./M o erg s _1 . The Eddington ratio 77 = Lboi/^Edd, where 
Lboi is the bolometric luminosity, can be calculated with an 
estimate of the bolometric luminosity based on the rest-frame 
5100A luminosity density dVestergaardl 1200 4 :PI: L hol * 9.47 x 
ALi(5 100 A) erg s _1 . The bolometric luminosity of AGN is pro- 
portional to the accretion rate Lboi K M.c 2 , therefore 77 oc 
M./Mem is an indirect measure of the accretion rate relative 
to the Eddington rate. Accretio n scenarios are, ge nerally, more 
complex than the spherical case. lBarai et al.l(l201 ll) . for example, 
carry out simulations of non-spherical accretion onto an SMBH 
and find deviations of spherical accretion as a function of the X- 
ray luminosity. In units of the Eddington luminosity, they find 
that for low Lx ~ 0.005, gas accretes in a spherical fashion, 
whereas, for intermediate Lx ~ 0.02, the flow develops promi- 
nent non-spherical features. The latter being a mixture of cold 
gas clumps falling towards the SMBH, forming a filamentary 
structure and hot gas being slowed down or even driven out- 
wards again due to buoyancy. The objects presented here cover 
the whole range of Lx values. Our targets, as well as the BLAGN 
have Lx ~ 0.2 (cf., Fig.|6]and discussion in Sect. I4.3.3l l. At face 
value, the Eddington ratio has to be taken with care and pro- 
vides only a coarse impression of the accretion efficiency. For 
our sample, we find a range of Eddington ratios. Table|4]lists the 
Eddington ratios for the 1 1 objects with SMBH mass estimates, 
together with the ratio of soft X-ray over Eddington luminosity. 
On average 77 — 0.18. The NLS Is have the highest Eddington 
ratios, 77 ~ 0.45, whereas the two LINERs and the RL QSO 
(515) have the lowest ratios, 77 ~ 0.06. These v alues are typ- 
ical for luminous AGN (e.g.. iGreene & Hoi 120071) . Here, 77 for 
the L INERs is on the high end of values found (e.g jDudik et alj 
120051) . whereas 77 f or the NLS 1 s is on the low end of values found 
for this class (e.g.. lBian & Zhaoll2004l) . We recognize a trend of 
decre asing 77 with increa sing M,, which is commonly found for 
AGN (IGreene & Hdl2007h . 



Table 4. Eddington parameters ordered by spectral class. 



ID 


spectral class 


logL Edd /erg s _J 


1 


logL X-rest /L Edd 


1 


NLS1 


44.6 


1.49 


-0.66 


2 


NLS1 


44.8 


0.52 


-1.60 


3 


NLS1 


46.1 


0.22 


-1.79 


7 


NLS1 


45.4 


0.18 


-1.89 


8 


NLS1 


44.9 


0.14 


-1.44 


6 


SY1 


45.5 


0.31 


-2.27 


10 


SY1 


46.0 


0.14 


-1.66 


11 


SY1 


47.5 


0.01 


-2.64 


13 


SY1 


45.7 


0.26 


-1.94 


4 


LINER 


45.6 


0.15 


-0.30 


5 


LINER 


46.7 


0.03 


-1.96 



For estimating the bolometric luminosities, we have fitted 
the rest-frame shifted SDSS spectra with a linear combination 
of a power law and two stellar population templates (young and 
old), including reddening in all components, to get an impres - 
sion of a possible host galaxy contribution (cf., Zuther 2007). 
For the SYls and NLSls we find no significant host galaxy con- 
tributions in the spectra and therefore extract the foregro und ex- 
tinction corrected 5100A fluxes directly from the spectra. For 
the two LINER sources we have used our host-subtracted esti- 
mates of the 5 100 A luminosity density. It has to be noted that 
the bolometric correction applied as described above is, strictly 
speaking, valid only in a statistical sense, since the bolometric 
luminosity strongly depends on the shap e of the sp ectral energy 
distribution of the individual objects (cf.. lHoll2008l) . 

4.3.3. The fundamental plane of black hole activity 

It has been recognized that stellar-mass black holes and super- 
massive black holes share a common black hole fundamental 
plane (FP), spanned by the three parameters X-ray luminosity, 
radio luminosity, and black hole mass (e.g.. iGallo etaD 12001 
iMerloni et al.ll2003b iFalcke et al.ll2004l) : \ogL R = fa\ogL x + 
£rm log M.+C. This relation (i.e., its correlation coefficients) im- 
plies a fundamental connection b etween radio and X- ray emis- 
sion producing processes. The IMerloni et al.l (120031) fit gives 
fa = 0.6 + 0.11, fa = 0.78+°;^, and C = 7.33^$. Currently, 
the FP is interpreted in the context of synchrotron emi ssion from 
a jet ( both in the radio and X-ray regime, e.g., IFalcke et al.l 
2004; Yuan et al ] 120091) or an advection-dominated accretion 
flow producing X-r ays together with a jet visible in the radio 
(IMerloni et alJl2003l) . There are, however, complications relate d 
to selection and observational effects (cf jKording et al.ll2006l). 

In Fig. |6) according to the visualization by Merloni et al. 
(I2003L their Fig. 7), we show the black-hole mass weighted 
5 GHz luminosities versus soft X-ray luminosities in units 
of Eddington luminosity. The two panels correspond to RL 
(logRx > -2.5) and RQ (logR x < -2.5) AGN. Our measure- 
ments are presented as black open squares in the RQ regime 
and the data points follow the Merloni FP relation (thin grey 
line, slope (rx = 0.6) closely. For comparison, we include the 
same data sets as for Fig. [5] Ad ditionally, we show data for low- 
violet down- 
20031 



luminosity AGN (LLAGN) of lYuan et alj ( 2009 



13 Actually, the optical luminosity density used in Vestergaard (2004) 
is measured at 4400A. Arguably, the commonly used luminosity density 
at 5 100 A is sufficiently close in wavelength to yield consistent values. 



right triangles) and th e data set of IMerloni et al.l 
terisks). The fit to the lYuan et al] (12009. dashed, thin violet line) 
LLAGN has slope fa = 1.22(3 The thin dotted and dash-dotted 



16 lYuan et a l. (2009) find the following correlation coefficients: ( R 
1.22,6^=0.23, C= -12.46 
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Fig. 6. M. weighted 5 GHz r adio luminosity ver sus the soft X-ray luminosity in units of the Eddington luminosity (from the 
fundamental plane equation in iMerloni et al. 2003b. Symbol sh apes as in Fig. [5] For clarity, our data are prese nted as open black 
squares. In addition, we show the data of IMerloni et al.1 ([2003, grey ast erisks) and the lo w-luminosity AGN of lYuan et al.1 {2009, 
violet, downright triangles). The dashed violet line rep resents to the fit o flYuan et al.l (l2009h adopted to soft X-rays. The thin grey line 
shows the fundamental plane of IMerloni et al.l ([2003) adopted for the soft X-rays. The thin black dotted (dot-dashed) lines indicate 
constant Rx = - 1 .5 (Rx = -4.5) for typic al log M.fMpl = 6 and 10 (upper and lower line), respectively. These lines have a slope of 
unity. Furthermore, we present data from Hardc astle et al.l (12009L stars), for which the fraction of accretion related X-ray emission 
could be determined. The brown colored full stars correspond to the full X-ray and the brown open stars to the accretion related 
X-ray luminosities. Upper p anel: Presented are RL objects, Rx > -2.5, according to lPanessa et al.l (12007). The thick, dashed light 
grey line represents the fit of iLi et all {2008) to their RL BLAGN. Lower panel: Presente d are RQ objects, Rx < -2.5, according to 
Pane ssa et alj d2007l) . The thick, dashed light grey line represents the fit of lLi et al.l d2008l) to their RQ BLAGN. See text for details. 



grey lines correspond to constant Rx = —1.5 and Rx - -4.5, 
respectively. The upper and lower lines of each pair (dotted, 
dash-dotted) correspond to bla ck hole masses M . = 10 6 M o 
and M. = 10 10 M G , respectively. IWang et al.1 (120061) and lLi et al.1 
(2008) find different correlation slopes for RL(^ = 1.5+0.08, 
Crm = -0.2 + 0.1, C = 0.05 + 0.1) and RQ {( RX = 0.73 + 0.10, 
£km = 0.31+0.12, C = -0.68+0.07) BLA GN, which are i ndivid - 
ually different from the relation found by IMerloni et al.l d2003 ). 
We plot their correlations (RL, RQ) as thick dashed lines into 
the corresponding panel in Fig. [6] The dependence on the black 
hole mass in their large sample is weak and only for RQ BLAGN 
with blac k hole masses < 1 7,3 ,Mq a clear positive trend is ob- 
served. Kording et al. (2006), e.g., show that the Eddington ratio 
is an important ingredient, with strongl y sub-Eddington objects 
following the FP relation much tighter. Hardcas tle et al.l {2009) 
demonstrate the importance of a proper separation of accretion- 
related from jet-related X-ray emission. Based on X-ray spectral 



modeling, they found that the IMerloni et al.l (120031) relation lies 
much closer to the accretion-related X-ray luminosities of their 
sample. We demonstrate this finding by plotting their data, for 
which such a decomposition is possible. Brown filled stars rep- 
resent the total X-ray luminosities, whereas brown open stars 
represent the corresponding accretion related X-ray luminosi- 
ties. It appears that the current FP reflects a relation between 
accretion power and jet power, rather than the s tructural proper- 
ties of (relativistic) jets (lHard castle et al. 2009). Especially, low 
angular resolution, broad band X-ray data are prone to mixing 
effects (i.e. corona, jet, warm absorber, etc.), which complicates 
the interpretation. This is also true for our sa mple, which is based 
on the soft X-ray RASS data. Nevertheless. iLiet al.l d2008) study 
the relation between soft X-rays and the broad H/3 emission for 
their sample. They find a strong correlation and interpret it as a 
signature of the accretion process. Besides the different normal- 
ization, the slope of their correlation for RQ BLAGN is quite 
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similar to that of lMerloni e7ai1(l2003l) . At least, the RQ BLAGN 
appear to be accretion d o minat ed. 

As lHardcastle et al.l (120091) and lYuan et al.l (l2009h show, a 
proper decomposition of the X-rays into jet- and accretion- 
related components introduces considerably different distribu- 
tions in diagrams like Fig. [6] As soon as the sample chosen 
covers only a narrow range in radio loudness, then this results 
in a 'correlation' slope of unity. This is indicated by lines of 
\ogRx = constant in the Figure. At this point, without a proper 
accretion/jet decomposition, the FP does not appear to provide 
new information about the radio/X-ray connection. There is cer- 
tain room for scatter, as indicated by the dotted and dot-dashed 
lines (dotted for \ogRx — —1.5 and dashed for \ogRx = -4.5), 
the upper ones corresponding to M. = 1O 6 M and the lower 
ones to M, = 1O IO M . 

Similarly, as radio emission is produced by relativistic jets, 
Doppler boosting of the synchrotron radiation could signifi- 
cantly affect the observed ra dio flux densiti es, resulting in a ver- 
tical shift in the FP diagram. lLi et al.l (12008b investigate the influ- 
ence of relativistic beaming on their BLAGN sample. They esti- 
mate the intrinsic (unbeamed) radio power with the observed X- 
ray luminosity through the radio/X-ray correlation derived from 
RQ AGN only (their Fig. 13). Typically, BLAGN have boost- 
ing factors less than 30, whereas in the SDSS-based BLAGN 
sample, factors of up 1000 (which can only produced in BL Lac 
objects) are found. Nevertheless, for the majority of their sam- 
ple having factors of < 100, boosting alone is not sufficient to 
explain the observed la rger radio powers of RL BLAGN (cf., 
iHeinz & Merlo ni 2004). Though, as discussed above, using soft 
X-ray luminosities of the RQ AGN might introduce uncertain- 
ties in the estimation of beaming factors. All this points towards 
a direction in which it is not straightforward to read of the dis- 
tribution of data points the connection between X-ray and radio 
emission for given samples. In other words, the details of the 
sample selection and observation are essential. 

Interestingly, for RQ AGN, at logLx/^Edd £ — 1 there ap- 
pears to be a limit in the Eddington-weighted X-ray luminos- 
ity in Fig. [6] In this region, objects tend to hav e increased ra- 
dio luminosities. This is clearly visible for the iLi et ahl (|2008) 
BLAGN. As discussed by the authors, the soft X-ray luminos- 
ity likely reflects the accretion process, because of the tight 
correlation with the broad Balmer line luminosities. This could 
mean that the SMBHs are accreting most efficiently around their 
Eddington limit and the increased radio luminosity can then be 
attributed to (beamed) jet emission. Our higher angular resolu- 
tion radio data together with the ROSAT data follow the same 
trencFl. Nevertheless, we do not find indications for kpc-scale 
jets and we would require still higher angular resolution radio 
observations in order to associate beamed radio emission with 
high brightness temperatures (cf.. lDoi et al.ll2007b . 

5. Summary 

We have presented 18 cm MERLIN observations of 13 interme- 
diate redshift X-ray bright AGN, four of which have also been 
studied at 18 cm with Western EVN. This work has been in- 
tended to be a pilot study to investigate the energetic components 
(i.e., starburst vs. active nucleus) in the nuclei of such AGN at 
high angular resolution. 

Despite the variety of spectroscopic types (SY1, NLS1, 
LINER, BL Lac, and passive), the 18 cm emission is essentially 

17 This takes account of the similar database (i.e., 
SDSS/ROS AT/FIRST matches) 



compact in both MERLIN (on ~ 500pc scales) and EVN maps 
(on ~ 40 pc scales), with up to 50% of the lower-resolution VLA 
flux densities being resolved out by our interferometric observa- 
tions. There are no indications for distinctive jets, except for a 
BL Lac object (9) and an FR-II QSO (object 1 1). 

Based on various SFR indicators, star formation does not 
play a dominant role, and the compact radio emission is, there- 
fore, most likely related to the AGN. However, we cannot dis- 
cern between accretion or jet related radio emission at this point, 
because of the lack of spatial and spectral resolution both in the 
radio and X-ray domain. 

Using the soft X-ray and 5 GHz luminosities, we placed 
our sample objects on the fundamental plane of black hole ac- 
tivity diagram (Fig. Our targets follow the general trends 
seen in the diagram of RQ AGN. Here we used the radio over 
X-ray luminosity ratio as an indicator for the radio loudness. 
Generally, the slope of the FP is related to a sp ecific accretion/jet 
model. As discussed by several authors (e.g ., lYuan et aT| [2009: 
lHardcastle et al.l 12009b iKording et all I2006D . care has to taken 
when estimating accretion/jet related X-ray and radio fluxes for 
individual objects based on the FP. This, on the other hand, sug- 
gests that there is no simple interpretation of the FP without a 
proper disentangling of the accretion/jet components and con- 
sideration of object types (e.g., QSO, LLAGN, ra dio galaxy). 

Ou r data lie close to the relation found by Mer loni et al.l 
(2003), which describes properties of the jets rather than the ac- 
cretion process. Higher angular resolution radio images at sev- 
eral frequencies, as well as hard X-ray spectra are required to 
study the emission processes in our sources in more detail and 
to better constrain their position in the fundamental plane dia- 
gram. 

The eMERLIN upgrade will allow for significantly improved 
sensitivity for imaging (down to a noise level of a few //Jy) and, 
correspondingly, to an increased sensitivity for extended emis- 
sion. On VLBI level, the e-EVN project will provide similar im- 
provements, but for much higher angular resolution. Such ad- 
vancements are instrumental to further the characterization of 
the relevant emission components that might determine the lo- 
cation of AGN in the FP. 
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Appendix A: Notes on individual targets 

SPSS J15391 1 .1 7+002600.7 (1 ) : This AGN is a NLS1 galaxy 
dZhou et alj I2006T: IWilliams et all [2002b . From its RASS ob- 
servation, a hardness ratio of HRI = 0.46 + 0.45 and a 
very soft photon inde x T = 2.8 ± 0.9 have been deduced by 
Williams et al. (2002). Its SDSS images exhibit some irregular 
structures around the nucleus. Part of this structure is a fore- 
ground star. The remaining faint features might belong to the 
host galaxy, or to some background galaxy. It is the radio loud- 
est AGN in our sample, when neglecting the two jet-dominated 
sources (9 and 11; see below). 



SDSS J1 50521. 92+01 41 49.8 (2): This NLS1 galaxy shows 
faint signatures of a spiral host galaxy. It also exhibits a strongly 
blueshifted [OIII] /15007 emission line (by about 165km/s), 
which is commo nly found in NL S 1 s and might be related to out- 
flows or inflows (lBorosonl2005l) . 

SPSS J134206 57+050523.8 (3): This is an NLS1 
iNaeao et al] d2001l); IZhou et alj d2006l) and is also a mem- 
ber of the Li et all ( 2008 ) sample. 



SPSS J1 50407.51 -02481 6.5 (4): This elliptical LINER 
galaxy is the central galaxy of the compact X-ray luminous 
galaxy cluster RXC J 1504-0248 with one of the most massive 
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nearby cooling cores dBohringer et al.l 120051) . The black hole 
mass, estimated from the [SII] line width (cf.. iKomossa & Xx3 
1200% . of about 3 x 1O 7 M , is somewhat less than those esti- 
mated for the brightest cluster central galax ies (10 8 ~ 9 M G , e.g., 
Raffer tv et al.ll2006tlFuiita & R eiprich 2004). 




10.0 



Fig. A.l. Target 4 radio continuum spectra of eastern and west- 
ern components: MERLIN at 1.67 GHz (open symbols represent 
EVN measurements), EVN at 5 GHz, and VLA at 8.46 GHz. 



In our MERLIN 18 cm images we detected two sources 
(4E[ast] and 4W[est]) at the optical position of the galaxy (Fig. 
0. The two components are separated by about 075, which cor- 
responds to 1750 pc at z — 0.217. In the VLA archive, we found 
a 3.5 cm data set at an angular resolution (» 0.25") similar to 
that of our MERLIN image. Both components are detected at 
3.5 cm, with Fpeak(E) = 28.78 + 0.07 mJy and F peak (W) = 0.60 + 
0.07 mJy. The EVN 6 cm image recovers both components, 
whereas in the EVN 18 cm image, we only detect 4E. The 18 cm 
limiting peak flux density of 4W is 1 .4 mJy. Figure IA.1I dis- 
plays the continuum spectra of 4E and 4W. The MERLIN/VLA 
two-point spectral index af™ m = -1.419 x log(5 3 . 5cm /5 i 8cm ) 
is 0.42 for 4E and 2.05 for 4W. The EVN two-point spectral 
index af™ = -2.0959 x log(S 6cm /S 18cm ) is 0.14 for 4E and 
< 0.58 for4W. The eastern component has a relatively flat 18-6- 
3.5 cm spectrum. The western component is steeper, but flattens 
towards shorter wavelengths. The flat nuclear spectrum might be 
the result of a set of closely spaced homogeneous synchrotron 
components or optically thin bremsstrahlung in a disk wind (cf., 
iBlundeU & Kuncidl2007l) . The SDSS image of the host galaxy 
is regular and shows no signs of a recent merger. Together with 
the steep spectral index, the western component does not appear 
to be a companion nucleus, but rather a jet component. This is 
consistent with an asymmetr y seen in the central X-ray bright- 
ness distribution (Fig. 9 in IBohringer e t al. 2005), which might 
be the result of interaction between the radio jet and the hot clus- 
ter medium. Further conclusion are limited due to the fact that 
the EVN 18 cm data were hampered by bad weather. Further and 
deeper radio data are required to study the impact of the potential 
radio jet onto the surrounding environment. 



(e.g., lEbeling et alJl2000t IBohringer et ai1 l2000). In this cluster, 
the AGN is expect ed to be a major cont aminant of the over- 
all X-ray emission (Bo hringer et al.ll2000l) . However, from the 
small Rx and R* values in Fig. [5] it can be seen that the X- 
rays still appear to be dominated by the cluster emission. The 
FIRST image reveals a slight extended emission component to 
the southeast in addition to the compact core (the extend param- 
eter 0first ~ 1-3), which, being barely above the noise level, 
could be an indication for a jet component. Our MERLIN image 
does not reveal any extended emission, since it might resolve 
out faint extended emission. This galaxy is also luminous at UV 
wavelengths (based on GALEX data). It lies on the boundary 
of between large UV l uminous galaxies (U VLGs) and compact 
UVLGs as defined by IHoopes etal] d2007l) . Large UVLGs are 
principally normal galaxies, but are very luminous primarily be- 
cause of their large size. Compact UVLGs, on the other hand, 
are low mass, relatively metal poor systems that often have dis- 
turbed morphology. The se systems are chara cterized by intense 
ongoing star formation. IHoopes et al.l (12007b estimate the SFR 
by SED fitting. S FRyy ~ 2.4 is compatible with our FIRST es- 
timated SFR (Tab. [3]). Our MERLIN results show a much smaller 
SFR, which indicates that the star formation is significantly ex- 
tended throughout the host and is resolved out by the interferom- 
eter. The increasing brightness temperature at MERLIN angu- 
lar resolution indicates for an AGN/jet origin of the unresolved 
emission. 



SDSS J074738.38+245637.3 (6): This early-type Seyfert 1 
has a companion SDSS J074738.25+245626.1 at z = 0.131. Low 
surface-brightness features in the SDSS images are located be- 
tween the two galaxies. Gravitational interaction could therefore 
be responsible for the SFR of ~ 50M o yr _I estimated from the 
large aperture data. MERLIN appears to resolve out a fraction 
of about 80% of the FIRST emission. The resulting SFR esti- 
mate is comparable to the [Oil] one, which is about 1OM yr _1 . 
This is the most radio quiet source of the sample, and with 
the MERLIN measurement it becomes even more radio quiet, 
l°g^M ERLIN « -0.2. The X-ray luminosity is typical for Seyfert 
1 galaxies, which in turn indicates that only a small fraction of 
the MERLIN flux density is related to star formation, in order 
to follow the X-ray/radio correlation. MERLIN probes galactic 
scales of ~ 450 pc, whereas the 3"diameter SDSS fiber probes 
a region of about 7 kpc diameter. This suggests that the [Oil] 
luminosity might be related to the extended, resolved out FIRST 
radio emission. Higher angular resolution radio observations are 
required to resolve this issue. 



SDSSJ030639.57+000343.1 (7): This NLS 1 has a spiral mor- 
phology. The galaxy is possibly a member of a group, with a pro- 
jected distance of about 110 kpc to the nearest neighbor. It has 
a redshifted [OIII] /15007 emission line (~ 46km s _1 ), which, 
as discusse d above, indic ates for a complex narrow-line region 
kinematics (Boroson 2005|). 



SDSS J01 0649.39+01 0322.4 (5): This LINER galaxy lies at 
the heart of the galaxy cluster RXC J0106.8+0103 or Zw 348 



SDSS J081 026.07+2341 56.1 (8): IWhalen et al.l d2006h clas- 
sified this AGN as an NLS1 galaxy. Its optical appearance is 
compact. It is the radio faintest object in our sample. With the 
MERLIN measurement, it becomes the second most radio quiet 



AGN, log/?* 



0.3. 



J. Zuther et al.: X-ray bright AGN at 18 cm 



15 



SDSS J1 62332.27+2841 28.7 (9): This opticall y unresolved 
objec t has been classified as a BL Lac object dPlotkin et alJ 
2008). Due to the absence of spectral features, no black hole 
mass could be estimated. This might also be a problem for its 
redshift, which is taken from the SDSS database. This object is 
not particularly radio loud (Fig. |5), though we are supposed to 
observe the jet almost face on. 



SDSS J080322.48+433307.1 (10): This SY1 galaxy shows 
some extreme ly redshifted [OIII] emission (~ 57km s -1 , 
Boroson 2005)" and is also inc l uded in the large catalogs by 



Wan g et al] (120061) and iLiet al. (2008). Due to a nearby guide 



star (SDSS J080324.87+433330.1), it is also suitable for AO- 
assisted observations. 



SDSS J08064 4 41 +4841 49.2 (11) : This source is the only 
FRII RL QSO dde Vries etalj|2006l) in our sample, having a 
nearby natural guide star (SDSS J080645.63+484156.6). Its op- 
tical appearance is unresolved. Although being RL in the classi- 
cal sense, the Rx measurement would still result in a RQ AGN. 
We have only used the compact nuclear radio emission. This 
could mean that the 40pc scale emission not that strongly in- 
fluenced by the jet component. 

SDSS J09271 0.60+532731. 6 (12): This radio galaxy shows a 
passive, elliptical optical spectrum. It has a nearby natural guide 
star (SDSS J092707.09+532742.3) and is likely the brightest 
cluster galaxy i n the Zw 2379 galaxy cluster (z = 0.205; 
IStottetal.ll2008l) . Its high EVN brightness temperature under- 
lines the AGN nature of the radio emission. 



SDSS J1 34420.87+66371 7.6 (1 3): IRAS 13 428+6652 has 
been identified as Seyfert 1.5 bv iMoran et alJ (Il996l) . It ap- 
pears to be a major merger with an extended tidal tail and pos- 
sibly two nuclei. It is suitable for AO assisted studies (SDSS 
J134427. 10+663705.2). The source has been detected at 20 cm 
by NVSS. However, we could not detect any compact flux den- 
sity at 18 cm with MERLIN. Since it is an IR luminous galaxy 
(Lfir ~ 5 x 10 n L o ), the radio emission is most likely dominated 
by extended star formation. 



